The majority of papillary thyroid carcinoma (PTC) cases comprise classic papillary (C-PTC) and follicular variant (FV-PTC) histologic sub-types. Historically, clinical equivalency was assumed, but recent data suggest C-PTC may have poorer outcomes. However, large single-institution series with long-term outcomes of C-PTC and FV-PTC, using modern pathologic criteria for FV-PTC, are needed. Our objective was to compare prevalence and impact of clinicopathologic factors, including BRAF mutation status, on long-term outcomes of C-PTC and FV-PTC. We hypothesized that patients with C-PTC would have higher risk disease features and worse survival outcomes. This retrospective study included 1293 patients treated at a single, US academic institution between 1943 and 2009 with mean follow-up of 8.6 years. All patients underwent either partial or total thyroidectomy and had invasive C-PTC or FV-PTC per modern pathology criteria. Primary study measurements included differences in recurrence-free survival (RFS), diseasespecific survival (DSS) and associations with clinicopathologic factors including the BRAF mutation. Compared to FV-PTC, C-PTC was associated with multiple features of highrisk disease (P < 0.05) and significantly reduced RFS and DSS. Survival differences were consistent across univariate, multivariate and Kaplan-Meier analyses. BRAF mutations were more common in C-PTC (P = 0.002). However, on Kaplan-Meier analysis, mutational status did not significantly impact RFS or DSS for patients with either histologic sub-type. C-PTC therefore indicates higher-risk disease and predicts for significantly poorer longterm outcomes when compared to FV-PTC. The nature of this difference in outcome is not explained by traditional histopathologic findings or by the BRAF mutation.
Introduction
PTC, which account for 55-65% and 23-41% of cases, respectively (4, 5, 6) . Although several rarer subtypes of PTC (e.g., diffuse sclerosing, tall cell and columnar cell) are established indicators of poorer prognosis, FV-PTC and CP-PTC were historically believed to be low-risk subtypes that were essentially therapeutically and prognostically equivalent (4, 5, 7, 8, 9, 10) . In contrast, some recent studies -including the analysis of 500 PTCs by the Cancer Genome Atlas research group in 2014 -have demonstrated a clear difference in genetic profiles and clinical outcomes between the two, linking C-PTC to increased prevalence of thyroid capsule invasion, LNM, disease recurrence and mortality (11, 12, 13) . However, pathologic classification of FV-PTC has changed significantly since 2016, when non-invasive encapsulated FV-PTC was re-categorized. Specifically, tumors that do not invade the tumor capsule and/or demonstrate vascular invasion (previously grouped as FV-PTC) are now grouped separately as non-invasive follicular thyroid neoplasm with papillary-like nuclear features (NIF-TP), a diagnosis that continues to be refined (14) . The most recent large series comparing outcomes between CP-PTC and FV-PTC are from multi-institutional databases without pathology review to evaluate whether patients included had invasive FV-PTC by the new criteria, and thus, their results could be skewed to show falsely favorable outcomes in FV-PTC patients (10, 13, 15) . Given these considerations, a large single-institution study with long follow-up to directly compare clinicopathologic features and outcomes of the two subtypes, with pathology criteria that exclude NIF-TP, is needed.
Similarly, while the prevalence of common somatic mutations has been increasingly investigated in these two sub-types, the comparative impact of these mutations on long-term outcomes and survival of patients with C-PTC vs FV-PTC is not well established (12) . The most common and arguably most investigated of these are mutations in the BRAF gene. Occurring in approximately 50% of PTC patients, the BRAF mutation causes constitutive activation of the MAP-kinase pathway, leading to increased propensity for tumor cell proliferation (16, 17) . Although the prognostic value of the BRAF mutation in PTC at large is controversial, its role in the differential long-term outcomes of FV-PTC vs C-PTC has not been specifically investigated in a large series and merits further analysis (18, 19, 20, 21, 22) . Notably, BRAF mutations have been shown to occur less often in FV-PTC than in C-PTC and could possibly play distinct roles in the outcomes of patients with one histologic subtype vs the other (12, 18, 23, 24) . This study analyzes a cohort of 1293 patients with either FV-PTC or C-PTC treated at Washington University School of Medicine between 1943 and 2009, a subset of which were tested for the BRAF mutation. To our knowledge, this is the largest single-institution study to date of outcomes in C-PTC vs FV-PTC, using pathology criteria that exclude NIF-TP and is one of few to address and compare the role of BRAF mutations in these two subtypes. The goal of this retrospective study was to compare the prevalence and impact of clinicopathologic factors, including BRAF mutational status, on long-term outcomes of FV-PTC vs C-PTC.
Materials and methods

Patient identification and clinicopathologic data collection
This retrospective study was approved by the Human Research Protection Office at Washington University School of Medicine, including retrospective chart review (protocol number 201010705) with waiver of consent. Records of 1712 patients with invasive thyroid cancer who were referred to the Department of Radiation Oncology at Washington University between 1943 and 2009 were queried. The data set was interrogated for patients with thyroid carcinoma of follicular cell origin who met the following criteria: underwent either partial or total thyroidectomy, received follow-up care at Washington University in St. Louis, and had C-PTC or FV-PTC. A total of 1293 patients met criteria. Thyroid tumor specimens were available for a subset of 542 patients and were obtained from an archived bank of formalinfixed, paraffin-embedded (FFPE) thyroid tissue. Tumor histologies of anaplastic, non-invasive, undifferentiated and NIF-TP were excluded. Data abstracted from patient records included histological subtype, treatment records and clinicopathologic outcomes. Review of records indicated that none of these individuals had any history of therapeutic radiation exposure. BRAF mutational status was determined after surgical and medical treatments of all patients were concluded and did not affect treatment decisions.
PTC histological and sub-type classification
Hematoxylin and eosin-stained slides were examined for all cases by Washington University School of Medicine pathologists to diagnose histologic subtype or to confirm outside hospital diagnoses. Diagnoses of classic papillary subtype of PTC were made using standard criteria, by identification of areas with classic characteristics of PTC, including papillary architecture, typical PTC nuclei (enlarged, overlapping, irregular, ground-glass empty nuclei with nuclear grooves), psammoma bodies and stromal reaction (25) . Follicular variant subtype of PTC was identified by standard criteria of the same classic PTC cellular and nuclear characteristics in the setting of follicular architecture (25, 26, 27, 28) . At our institution, >95% of a tumor specimen must demonstrate FV-PTC histology to be classified as such. Cases of NIF-TP were excluded. This pathologic distinction is reliable in this study despite our inclusion of historic patients because our institution historically classified FV-PTC tumors that were fully or partially encapsulated or encapsulated with vascular invasion separately from invasive FV-PTCs, and this subset of cases, which includes NIF-TP cases, was excluded (12) . While time of diagnosis of some included referral cases of FV-PTC predated its recognition as a distinct histologic sub-type, all pathology diagnoses were made in subsequent years by Washington University faculty pathologists, using standard diagnostic criteria. Histologically, the 1293 cases included here comprised 956 cases of C-PTC and 337 cases of FV-PTC.
BRAF mutation subset analysis
For a subset of patients, BRAF mutational status was also determined at our institution. For 542 patients, surgically removed thyroid tumor specimens were available and identified from within the Thyroid Cancer Tumor Registry and obtained from an archived bank of formalin-fixed, paraffin-embedded (FFPE) thyroid tissue. For all cases identified, hematoxylin and eosin-stained slides were re-examined by study pathologists to confirm histologic subtype, meaning that original pathologic diagnoses were specifically reviewed and re-confirmed for nearly half (542/1293) of the total study cohort. None of these cases were re-classified. Areas of carcinoma were marked by study pathologists on the glass slides to guide collection of tissue cores from the corresponding FFPE tumor blocks of the case.
Two tissue cores of 1 mm diameter were extracted from the areas of tumor by means of disposable biopsy punches with plungers (Miltex, York, PA). Samples were incubated in xylene for three minutes at 50°C; xylene aspiration was followed by two washes with 100% ethanol. Subsequently, samples were incubated for 48 h with 0.5 mg/mL proteinase K (Qiagen), with a mid-interval addition of 0.5 mg/mL proteinase K. DNA was extracted from each sample via a commercial kit (Puregene, Minneapolis, MN, USA) according to the manufacturer's instructions. Following extraction, DNA was stored at 4°C. Polymerase chain reaction (PCR) was utilized to amplify the 215 base pair (bp) BRAF exon 15, using previously published primers and Platinum Taq DNA Polymerase (Invitrogen), as has been described in the literature (29, 30) . Samples were then subjected to restriction fragment length polymorphism (RFLP) analysis by the enzyme TspRI (Invitrogen), using the buffer conditions recommended by the manufacturer. TspRI cuts the wild-type, 215 bp amplification product into two fragments of 120 and 95 bp. After the restriction digest, the DNA bands were resolved by agarose gel electrophoresis and visualized by ethidium bromide staining. RFLP analysis has been used by numerous other labs to evaluate BRAF exon 15 and we have extensively validated the assay for use in our own laboratory, as previously reported (29, 30, 31) .
Treatment and follow-up
The vast majority of patients underwent total thyroidectomy (93%). Cervical lymphadenectomy was performed in 57% of patients. Postoperative Table 1 . Surveillance consisted of physical examination and laboratory studies, including thyroid-stimulating hormone (TSH), triiodothyronine and free thyroxine for all patients, with the addition of thyroglobulin levels in the latter years of the study.
Statistical analysis
Clinical and pathological outcomes and BRAF mutational status were analyzed for significant associations. P values <0.05 were considered statistically significant and all P values were two-tailed. T tests were used for comparison of data with continuous variables, while chi-squared tests were used for dichotomous data. All variables associated with the BRAF mutation, recurrence-free survival (RFS) or disease-specific survival (DSS) at the P < 0.05 level were entered into multivariate logistic regression models for BRAF positivity, decreased RFS and decreased DSS. To remove redundancy and improve the predictive value of the multivariate analysis, complex variables such as AJCC stage were reduced to the variables they comprise, such as histologic tumor size, extrathyroidal extension and location of disease at diagnosis. Kaplan-Meier analysis was also performed to estimate the RFS and DSS probabilities for BRAF mutation positive vs negative patient groups. Statistical analyses were performed using SAS, version 9.2 (SAS Institute).
Results
Patient characteristics
A total of 1293 patients meeting eligibility criteria were included in the study. Of these, a subset of 542 patients with evaluable tissue underwent BRAF gene analysis. Patient and tumor characteristics are summarized in Table 1 . Average age at diagnosis was 43 years (range 4.2-86.2 years, median 42.4 years) and mean follow-up time was 8.6 years (range 0-50.2 years, median 6.4 years). Review of pathologic features is included in Table 1 . In the majority of patients, disease was limited to the thyroid only (54%, 700/1292) and was unilateral within the thyroid (68%). However, 42% also had disease in cervical lymph nodes, while 3% had lung metastases, 0.4% had bone metastases and one patient (0.1%) had brain metastases. 
Histologic sub-type analysis
Histologically, 74% of cases were classified as C-PTC, while FV-PTC comprised 26%. Initial dose of RAI and type of surgery did not significantly differ between C-PTC vs FV-PTC patient groups (P = 0.998 and P = 0.265, respectively). Average follow-up time was 9.5 years for patients with FV-PTC and 10.6 years for patients with C-PTC (median 6.8 and 8.3 years, respectively, P = 0.007). C-PTC histology was associated with greater incidence of thyroid capsule invasion (P < 0.001), soft tissue invasion (P < 0.001), positive surgical margins (P = 0.013) and cervical LNM (P ≤ 0.001). Compared to patients with FV-PTC, C-PTC patients had increased extent of disease at diagnosis (P < 0.001), but interestingly, had smaller histologic tumor size (P < 0.001) ( 
BRAF analysis
On subset analysis of 542 patients, 64.4% of patients (349/542) had the BRAF mutation. Mutation status was identified in these patients by RFLP, which displayed two, wild-type DNA bands (120 and 95 bp) digested by the TspRI restriction enzyme when the BRAF V600 mutation was absent, and three DNA bands (215, 120 and 95 bp) when the mutation was present (heterozygote) (30) . BRAF mutations were significantly more likely to be present in patients with C-PTC than in patients with FV-PTC (P = 0.002). However, on subset multivariate analysis of 542 patients with established BRAF status, presence of the BRAF mutation did not independently predict C-PTC histology.
Patient outcomes
For the entire cohort, overall survival was 92.5 and 90.3% at 10 and 15 years, respectively. RFS at 10 years and 15 years was 81 and 77%, respectively. During the study period, 90 patients died, with 44 of these deaths (3.4% of all patients) attributable to PTC. At 10 and 15 years, DSS was 96.5 and 95.5%, respectively. The probability of having recurrent disease was significantly higher for patients with C-PTC than for patients with FV-PTC (P < 0.001) (Fig. 1) . Similarly, patients with C-PTC were at increased risk of cancer-specific death (P = 0.008) (Fig. 2) .
For all-comers, presence of the BRAF mutation was not significantly associated with increased risk of disease recurrence or cancer mortality on univariate or multivariate analyses (Table 2 ). This was consistent with Kaplan-Meier analysis, which demonstrated no difference in probability of RFS or DSS based on presence of absence of the BRAF mutation (P = 0.594 and P = 0.182, respectively). As previously stated, the BRAF mutation was more common in C-PTC than FV-PTC (Table 1) . To assess BRAF mutation impact on RFS and DSS probabilities within each histologic sub-type, subset Kaplan-Meier analyses were performed for C-PTC and FV-PTC patient groups. For patients with C-PTC, presence or absence of the BRAF mutation did not significantly impact the probability of disease recurrence or cancer-related death (P = 0.766 and P = 0.096, respectively). Similarly, BRAF status did not impact recurrence or survival for patients with FV-PTC (P = 0.906 and P = 0.313, respectively). Apart from histologic sub-type, multiple established clinicopathologic characteristics of high-risk disease were correlated with increased recurrence and disease-specific mortality (Table 2) . Of these, microscopic tumor size, vascular invasion and soft tissue invasion independently predicted recurrence on multivariate analysis, while disease confined to the thyroid was protective. Independent predictors of disease-specific mortality included vascular invasion, thyroid capsule invasion, increased patient age and distant metastases to the lungs or bones at the time of diagnosis (Table 2) .
Discussion
The primary goal of this study was to compare the clinicopathologic characteristics and prevalence of the BRAF mutation in C-PTC and FV-PTC and their relationship to long-term patient outcome, using more modern pathology criteria for FV-PTC. Historic series comparing the two most common histologic sub-types of PTC failed to demonstrate clear therapeutic or prognostic differences between the two, while recent studies have indicated that C-PTC portends a poorer prognosis than FV-PTC. In this large analysis, we found consistent evidence that C-PTC is associated with numerous clinicopathologic risk factors, in addition to increased prevalence of the BRAF mutation. Although the BRAF mutation was more common in patients with C-PTC, it was not an independent predictor of high-risk disease. Instead, we found that C-PTC itself was a strong predictor of poorer outcomes, including significantly increased risk of recurrence and diseasespecific mortality, even though we excluded cases of encapsulated or partially encapsulated tumors or those encapsulated with vascular invasion, such as NIF-TP. This was uniformly observed across univariate, multivariate and Kaplan-Meier analyses.
A majority of patients in our study had C-PTC (74%), while FV-PTC was less common (26%), which is consistent with the literature (4, 5, 6 ). There was no difference in patient management (using initial RAI dose as a proxy) between the two histologic sub-types of patients. Although follow-up time was slightly longer for patients with C-PTC vs FV-PTC (Table 1) , mean follow-up for each group was extensive (10.6 and 9.4 years, respectively). In PTC, nearly all disease recurrences and the large majority of cancerspecific deaths occur less than one decade after diagnosis (34, 35) . Mean follow-up time for each of the patient groups in our analysis met this time frame. Differences in outcomes observed between the two patient groups are therefore highly unlikely to be attributable to difference in follow-up time. This analysis included comparison of the associations between known clinicopathologic factors of poor prognosis and histologic sub-types of PTC. On univariate analysis, C-PTC was associated with numerous clinicopathologic features of high-risk disease, including thyroid capsule invasion, soft tissue invasion, vascular invasion, positive surgical margins, LNM and advanced AJCC nodal stage (Table 1) . Of these, thyroid capsule invasion was independently predictive of C-PTC histology on multivariate analysis. Our findings are consistent with the recent series by Cheng et al. in 2011, where C-PTC was associated with increased risk of LNM, thyroid capsule invasion and vascular invasion. Additionally, several small prior studies have also shown that C-PTC is associated with increased local invasion and LNM (36, 37) . However, ours is the largest single institution study to date to demonstrate such a clear association between C-PTC and nearly every examined clinicopathologic characteristic of high-risk disease.
In contrast with C-PTC, the only pathologic risk factor significantly associated with FV-PTC was increased microscopic primary tumor size, which remained significant on multivariate analysis (HR 0.77, 95% CI 0.71 to 0.84) and has been previously reported (6) . Although FV-PTC predicted for larger tumor size, it also predicted for disease that remained confined to the thyroid at the time of diagnosis (HR 0.41, 95% CI 0.31 to 0.55), while C-PTC was associated with increased risk for lymph node metastases at the time of diagnosis (Table 1) . This supports the growing body of evidence that C-PTC is a biologically unique and more aggressive tumor with more metastatic potential than FV-PTC. Such an interpretation is supported by the recent and extensive TCGA analysis of PTC subtypes, which revealed that C-PTC and FV-PTC differ on the basis of principle driving somatic mutations and cellular signaling, leading to a tendency toward poorer differentiation and aggressive behavior within the C-PTC phenotype (12) .
Additionally, we evaluated the relationships between common clinicopathologic features, RFS and DSS. The strongest predictor of increased risk on multivariate analysis for recurrence was classic papillary histology, followed by vascular invasion, soft tissue invasion and histologic tumor size. Apart from C-PTC histology, these are well-documented risk factors and are largely accounted for in current AJCC staging guidelines. (23, 32, 33, 38, 39) For disease-specific mortality, the strongest predictors were distant metastases to the bone and lungs, then extrathyroidal extension, vascular invasion and increased age at diagnosis. These findings are congruent with existing literature (21, 38, 39, 40) .
Kaplan-Meier analysis was also performed to further characterize the relationship between histological subtype, RFS and DSS. This demonstrated C-PTC patients not only had significantly increased risk for disease recurrence (Fig. 1) , but also had increased risk of cancer-specific death (Fig. 2) . The contrast in outcomes between the two histologies is striking. At 20 and 30 years of follow-up, the probability of RFS for FV-PTC patients was stable at approximately 85%, compared with only 70 and 50% for C-PTC patients (Fig. 1) . Similarly, DSS probability at 20 and 30 years was stable at nearly 100% for FV-PTC patients, compared with only 90 and 85% for C-PTC patients (Fig. 2) . Although a small study of 160 patients with PTC by Burningham et al. in 2005 also noted a statistically significant increase in risk of recurrence for patients with C-PTC, most previous reports have not uncovered a difference in long-term outcomes between C-PTC and FV-PTC (4, 6, 8, 36, 37) . The most probable cause for the contrast between our findings and the literature is that prior studies suffered small patient cohorts and were underpowered. Our much larger patient cohort, in addition to extensive follow-up time, likely enabled us to expose these significant differences in long-term outcome based on histology.
We also performed a subset analysis of 542 patients to evaluate the relationship between the BRAF mutation, histologic sub-type of PTC and long-term outcomes. Overall, the prognostic value of the BRAF mutation in PTC remains uncertain, but some authors report that it confers increased risk of disease and cancer mortality (20, 21, 39, 41) . While our focus in this study was not on the prognostic utility of the BRAF mutation, this analysis is among the largest to specifically characterize its relationship with histologic sub-types of PTC. As has been reported numerous times in the literature, C-PTC histology was significantly associated with presence of the BRAF mutation compared to the FV-PTC on univariate analysis (11, 12, 18, 23, 24, 42) . However, our subset multivariate analysis, demonstrated that BRAF status was not independently predictive of C-PTC histology, or associated with risk of disease recurrence or diseasespecific mortality on univariate or multivariate analysis. These findings are consistent with the findings of Cheng et al., who similarly reported that the BRAF mutation lacked predictive value for high-risk disease features (11) . Importantly, our subset Kaplan-Meier analysis also revealed that within each histologic subtype, BRAF is not a significant predictor of recurrence or death from thyroid cancer. This indicates that the differences we observed in recurrence and survival between C-PTC and FV-PTC are independent of the BRAF mutation.
The greatest strengths of this analysis are our exclusion of NIF-TP within our pathology criteria for our FV-PTC cohort, our large single-institution patient population, and our extended follow-up time (mean 8.6 years, range 50.2 years, median 6.4 years). We are the first to our knowledge to address differences between C-PTC and FV-PTC while excluding NIF-TP. This is a critical point, as other series comparing long-term outcomes in these two either predate the diagnosis of NIF-TP or are multiinstitutional and/or national database studies that cannot provide specific pathology criteria (10, 13, 15) . Without exclusion of NIF-TP, outcomes in FV-PTC could be falsely skewed toward a comparatively improved prognosis, given the benign course of such non-invasive disease. Although a criticism might be that be that our exclusion of all cases of encapsulated or partially encapsulated tumors or those encapsulated with vascular invasion was overly broad, and excluded more than just NIF-TP cases, this in fact strengthens our findings. We have shown that even when one selects more pathologically aggressive FV-PTC tumors for comparison with C-PTC, FV-PTC remains a more favorable diagnosis. Our patient cohort is also approximately three-fold larger than any previous study addressing differences between C-PTC and FV-PTC and has extended follow-up time. Disease recurrence and disease-specific deaths are rare and occur late in PTC, highlighting the importance of extensive follow-up and a large cohort (34, 35) . One weakness of this analysis is its retrospective nature; most studies of PTC are either retrospective or meta-analyses, given the relative rarity of the disease. In this study, all patients were treated homogenously, according to guidelines, at a single, academic institution. This, combined with our effort to emphasize multivariate analyses, minimizes the likelihood of confounding variables. Our subset analysis of the BRAF mutation included 542/1293 patients, which might also be criticized. Had we determined BRAF status for a larger percent of patients, it is possible that we could have strengthened our analysis. Our reported subset analysis here does remain one of the largest reported single-institution US studies of the BRAF mutation in PTC to date (18) .
Overall, this analysis demonstrates that the C-PTC indicates higher-risk disease and predicts for significantly poorer long-term outcomes, including increased risk for disease recurrence and cancer-specific death, when compared to FV-PTC using pathology criteria that exclude NIF-TP. Our study is the largest, single-institution series to date to illustrate that the historical assumption that C-PTC and FV-PTC are clinically equivalent is incorrect. Our findings lend strong support to recent data indicating that C-PTC confers a worse prognosis that was historically overlooked. The nature of this difference in outcome is not explained by traditional histopathologic findings like tumor size or soft tissue invasion or by the BRAF mutation alone. Additionally, our results support the recent findings of the TCGA analysis and the conclusion that C-PTC and FV-PTC are biologically two distinct disease entities with different oncogenic drivers and tumor behaviors. Finally, in light of the increased risk for poor outcomes that patients with C-PTC face compared to their counterparts with FV-PTC, we propose that C-PTC histology be considered a characteristic of higher-risk disease in initial patient evaluation, similar to risk factors such as thyroid capsule invasion and soft tissue invasion. Alteration of disease classification and management to address this risk might be considered, but further studies are also warranted to expand upon our findings.
